Dumping municipal waste is the least expensive and most commonly used method of disposing solid waste. However, there is an alternative, two-in-one, solution: conversion of waste to energy. Non-recyclable waste can be turned into heat, electric power or fuel using various processes, such as gasification, pyrolysis or anaerobic fermentation. This is how residual waste can serve as sustainable local source of energy, additionally, contributing to environmental protection and, to a significant extent, energy supply security.
INTRODUCTION
People produce waste as a part of both domestic and commercial activities. Due to the global population the growth and the pursuit of the economic development model based on industrialization, consumption and rapid urbanization, we produce so much municipal waste, and at such a concentration, that the nature cannot deal with the problem by itself any longer. This is why we need to help it by managing and neutralizing wastes properly, working towards sustainable development. According to Kostecka [2013] and Kostecka et al. [2016] , it is the man who has to accept the burden of managing and neutralizing the wastes that are produced and, working towards realization of sustainable development, he has to be able to evaluate his place in the society, also in terms of participation in developing correct waste management .
According to European statistics, there are huge differences between quantities of municipal wastes produced by individual states; for instance, 759 kg per capita in Denmark vs. just 272 kg in Poland and Romania in 2014. These contrasts come from remarkable, or often dramatic, differences not only in levels of consumption but also in waste collection (including sorting) and further handling performance. The following review of per capita municipal waste accumulation in European states ( Fig. 1) shows that these quantities have grown over the recent 20 years in 17 of the 31 states, including Malta (2.2%) and Denmark (2.0%) as the "leaders".
The framework EU Directive [2008/98/EC] defines main rules for handling wastes, including the requirements for avoidance of adverse environmental effects protection of human health, correct addressing the "waste handling hierarchy" in business plans, or, based on the "polluter pays" principle, the requirement that waste neutralization costs are paid by owners (current or former) or users of waste. Wastes should be collected selectively, where technically feasible and if practical from the economic and environmental points of view. Based on the "waste handling hierarchy", in order to develop "recycling societies", EU Member States should promote re-use of wastes (such as recycled paper) and, unless unavoidable, should not support dumping or, as the next alternative, combustion of such wastes. To promote reduction of greenhouse gas emission from dumps, they should promote selective collection of wastes and conversion of biological ones into environmentally safe compost.
According to EU Directive, the "management (or handling) of waste" means collection, transport, recovery and neutralization including supervision. "Selective collection" means waste segregation by types to facilitate adequate processing and "recovery" refers to any process leading to reuse of a recycled material instead of a new material (Appendix II to the Directive, which elaborates on the latter definition, contains a list of recovery processes, such as conversion of waste into fuel or recovery of non-solvent organic substances). Next, "neutralization" means any process other than recovery (even if a substance or energy is, in fact, recovered as a "byproduct" of the process), such as storage on dedicated dumps (in contained spaces covered and sealed off one from another and from the environment) or thermal conversion on land (see Appendix I for the complete list). Finally, "processing" means any recovery and/or neutralization including preparations.
This paper aims to find out whether the thermal processing of municipal waste can be regarded as serving the goal of "sustainable development". Specific emphasis was placed on evaluation of prospects for implementing such solutions in the Sub-Carpathia.
CONVERSION OF WASTE INTO ENERGY
In a short term, dumping municipal waste is the cheapest and, hence, most common method of waste disposing . Like any waste management facility, dump sites are unwelcomed to local communities. Inadequate (non-compliant) storage can contribute to environmental pollution or affect human health or safety of employees. Further, storing waste can give a global effect: according to estimates, greenhouse gas emission from decomposing solid municipal waste grew by 54% between 1990 and 2008 [Tan et al. 2015] . Even if some proposed storage methods claim they can provide for "dump sustainability", meaning ability to store highly processed materials until re-use, they will remain unfeasible for much longer because of their yet unresolved flaws (such as seepage) [Jurczyk, Koc-Jurczyk 2014] .
Closing non-conforming dumps is proposed as a measure to reduce environmental footprint of waste disposal. Those that will be retained should be upgraded for efficient recovery of methane from anaerobic decomposition of organic matter (representing up to 50% of the decomposition product gas). According to Tan et al. [2015] , a single ton of dry waste can provide 120-150 m 3 of methane, which corresponds to a calorific value of 2,500 MJ/t. This aspect is very important because methane is a much more powerful contributor to the greenhouse effect than carbon dioxide (the product of combustion of methane).
Another recommendation is for avoidance of storing wastes that can be combusted with heat recovery. This is why the waste-to-energy conversion is a feasible alternative to storage and waste can become an alternative source of energy [Tan et al. 2014 ]. Based on long-term research, non-recyclable waste can be converted into heat, electric power or fuel using such processes as gasification, pyrolysis or methanogenesis. Now, it is important to research into how individual technologies or their combinations can be best used for processing specific types of waste [Chen et al. 2016 ]. The conversion can be based on both biological and thermal systems [Johri et al. 2011 ]. Many such plants exist in developed countries, such as Japan, Germany, Sweden, Denmark or UK. For instance, Japan, a country that can hardly afford to spare land for dumps, converts more than 80% of its solid municipal waste into energy (including 10% of electric power) in its 1,900 combustion plants [Tanaka 2014 ]. Germany, after the waste management system reform of 1990's, converts 35% of its waste, dumping as little as 1%. Sweden combusts almost 50% of its municipal waste and converts waste-derived methane into heat, electric power and fuels [Dahlquist et al. 2011] . Johari et al. [2012] and Noor et al. [2013] studied the potential for using such methane with economic and environmental benefits. They modeled methane production from an existing dump and set up a business case but failed to address its capital and operating expenses. Then, Ng et al. [2014] concluded that the conversion of municipal waste was unprofitable because of high cost of the combustion, gasification and pyrolysis technologies but their model did not address environmental costs. On the other hand, Tan et al. [2014] suggested that the conversion can be profitable and can contribute to greenhouse gas emission reduction provided that municipal waste is adequately pre-treated. However, the foregoing studies covered a narrow range of conversion technologies: just dumping and combustion.
Only Tan et al. [2015] researched into the conversion from the point of view of holistic sustainable development, taking account of costs and gains in terms of energy, economics and environment ("3E" approach). They found recovery of methane and waste combustion, fermentation and gasification as the best of the technologies at hand. They considered conversion of municipal waste into heat and electric power. Their financial model included costs (capital expenditures and operating expenses including transport) and gains (energy sales, no credits for coal supply, profits on sale of byproducts). And the environmental evaluation included emission of greenhouse gases as part of the conversion and replacement of coal with waste as a renewable energy source (Fig. 2) .
As shown in Figure 3 , the conversion can be done in 3 ways: by thermal processing, by biological processing and by just storing waste [Tan et al. 2014] . Waste combustion and gasification systems are options for the thermal process producing electric power and heat. Biological processing consists of anaerobic production of methane ready for combustion.
Poland dumps more than 80% of its municipal waste. We expect completion of 10 large combustion plants with capacity of approx. 1.5 million tons of waste by 2019. It is estimated that in 2020 50% of municipal waste will be recycled, 25% will be mechanically and biologically treated and the rest (3.5 million of the aggregate quantity of Figure 2 . 3E study of the waste-to-energy conversion [Tan et al. 2015] approx. 15 million tons) will be thermally converted [Wojdyga et al. 2014] .
While discussing thermal processes applied to wastes, we should first consider the definition of the thermal conversion provided in section 3. This means that a process of thermal conversion including its intermediate phases, if any (such as gasification), has to end with combustion. See Table 1 for a detailed process matrix.
WASTE-TO-ENERGY CONVERSION PROSPECTS FOR THE SUB-CARPATHIA
Much of the local potential for the implementation of the technology depends on demographic and economic factors. The region has more than 2 million inhabitants but only 5 of the 51 towns and cities have populations exceeding 60 thousand. There are no large cities except Rzeszow with a population of 180 thousand (density of almost 1,600 residents/km) and the urban population proportion (41%) is the smallest one in Poland [GUS, 2015a] . Also the municipal waste production and accumulation rates are the lowest. According to the "Statistical Yearbook" [GUS 2015b ], Poland produced approx. 1,033 million tons of municipal waste in 2014, in which the Sub-Carpathia had a share of 381 thousand tons and was ranked 6 th and 3 rd from the bottom of the official lists of regions with the smallest overall and per capita (179 kg/y), respectively, waste production (Fig. 4) . More than one half (54%) of the waste is mixed, qualified for dumping [GUS 2015b ]. Note, however, that -based on life experience -statistical data can err. Only the largest city of the region has a per capita waste accumulation rate of more than 342 kg/y [Wójcik 2014 ].
Residents of multi-apartment estates in Rzeszow dispose of their garbage to 1.1 m 3 containers housed in shelters, pre-sorted into "wet" (containing organic matter) mixed waste and "dry" mixed waste fit for further sorting. Residents of single-family houses dispose of "wet" mixed waste into bins of different sizes and "dry" mixed waste (with glass sorted out) into plastic bags [Wójcik 2013 ]. Also "green" and hazardous wastes can be collected and an outsourced company picks up worn electric and electronic equipment.
Regionalization of the waste management policies in Poland has led to a two-fold decrease in the number of dumps in Poland within a short time: from 803 occupying 2,821 hectares of land in 2009 to 394 with a 1,927-hectare footprint in 2014 [GUS 2015b ]. There were 18 dumping sites in the Sub-Carpathia in 2014, but in the Provincial Solid Waste Management Strategy [PGO 2012] only 9 installations, including 3 landfills (Kozodrza, Przemysl and Stalowa Wola), had the status of Regional Municipal Waste Treatment Installations, assigned to 4 regions. As shown in Figure 3 , waste in Poland and in the Sub-Carpathia can be converted into energy as follows: • Combustion of products of natural methanogenesis taking place on dumps. This approach -though adopted by plants equipped with degassing systems, typically in the form of co-generation -was heavily crippled, from the time perspective, by the Regulation by the Minister of Environment of 11/09/2012 on mechanical and biological processing of mixed municipal waste [Dz.U. 2012 poz. 1052]. The Regulation, now rescinded, has resulted in the appearance of many plants for oxygenic stabilization of the screen undersize fraction < 80 mm, which oxidize organic matter contained in waste to carbon dioxide -with negative energy balance (due to energy consumption by heap ventilation systems) and without useful products (the existing products are just dumped).
• Combustion of products of methanogenesis of the biodegradable fraction isolated from the stream of municipal waste before dumping, in dedicated fermentation chambers. According to the Regulation, the process was an alternative method for stabilizing the screen undersize fraction isolated from mixed municipal waste but, in practice, it was never implemented due to higher engineering sophistication and, hence, cost of the system. This method is often applied to sewage sludge by larger municipal liquid waste treatment plants.
• Direct combustion of wastes or products of thermal waste processing (Table 1) . Ac- cording to the foregoing regulations and the "procedural hierarchy", this method is an alternative to just dumping waste and should be applied to wastes that cannot be disposed of otherwise. Note, however, that heavier waste processing before combustion -such as selective collection, sorting or, specifically, biological decomposition of organic matter -depletes energy stored in the waste [Jaglarz and Generowicz 2015] .
Based on literature on the structure of wastes in Rzeszow [Wójcik 2008 , Wójcik 2014 , Wójcik 2015 and on the range of mean combustion heat values obtained for each waste fraction we can attempt to estimate the energy potential of the wastes ( Table 2) .
The However, seen from the perspective of the 3E and SWOT analyses, the thermal conversion of waste in Rzeszow can provide additional benefits (Table 3) .
CONCLUSION
While studying prospects for the thermal waste conversion in the Sub-Carpathia, we noted important differences between Rzeszow and the rest of the province. Rzeszow produces waste in relatively high concentration, comparable to other big cities. On the other hand, the province as a whole has one of the smallest waste concentration rates in Poland, which is a consequence of its demographic and economic profiles (types of developments, working population, jobs, personal income, etc.). These affect the quantity and quality of waste. However, the conversion should not be viewed solely in terms of its energy balance; indeed, it would have a small share in meeting the overall demand. The screen oversize fraction contained in waste offers the best energy performance, while converting it to energy would relieve space on existing dumps and, hence, reduce the environmental costs of storing waste. 
